Individual and simultaneous electrochemical detection of iodide and iodine has been performed via cyclic voltammetry on boron doped diamond (BDD) electrodes in a 1 M NaClO 4 (pH 8) solution, representative of typical environmental water conditions. It is feasible to compute accurate calibration curve for both compounds using cyclic voltammetry measurements by determining the peak current intensities as a function of the concentration. A lower detection limit of about 20 mM was obtained for iodide and 10 mM for iodine. Based on the comparison between the peak current intensities reported during the oxidation of KI, it is probable that iodide (I À ) is first oxidized in a single step to yield iodine (I 2 ). The latter is further oxidized to obtain IO 3 À . This technique, however, did not allow for a reasonably accurate detection of iodate (IO 3 À ) on a BDD electrode.
Introduction
Iodine is an essential micronutrient, which is part of the thyroid hormones that play a role in the development of brain function and cell growth. Deficiency of iodine can lead to mental retardation, endemic goiter and could be a possible cause of stomach cancer [1, 2] . In women, such deficiency can lead to overt hypothyroidism and consequent anovulation, infertility, gestational hypertension, spontaneous first-trimester abortion and stillbirth [3] . Moreover, the radioactive isotope 131 I is a fission product of water nuclear reactors, which if released in natural waters, represents a biological hazard for the environment and a serious threat for global health due to its ability to heavily damage cells [4] . For all the aforementioned reasons, rapid and accurate determination of the most common iodine-containing molecules and ions found in environmental waters such as iodine (I 2 ), iodide (I À ) and iodate (IO 3 À ) is critical in fields such as biological and environmental sciences. In recent years, many analytical methods have been developed to detect iodine and iodide such as chemiluminescence [5] , titrimetry [6] , diffuse reflectance spectroscopy [7] , gas chromatography mass spectrometry [8] or ion chromatography [9] . These techniques, however, often require complex procedures and expensive equipment, making these unsuitable for rapid and efficient detection of iodine and iodide. Electrochemical oxidation of these compounds using cyclic voltammetry, linear scan voltammetry or chronoamperometry is a potentially good alternative owing to its simplicity and high sensitivity. For these reasons, the electrochemical detection of iodide on BDD electrode was already reported [10] . For the sake of brevity, however, this study focused solely on iodide ions.
In this work, the detection of iodine and/or iodide by cyclic voltammetry on boron doped diamond (BDD) electrode is presented. The motivation behind selecting BDD arises from its outstanding properties compared to other conventional electrode materials such as a wide electrochemical potential window, low background current, excellent stability and weak adsorption of polar molecules [11, 12] . These properties were shown to offer significant advantage toward the detection of As 3 þ and As 5 þ mixtures [13] as well as the detection of heavy metals such as selenium or cadmium [14, 15] . Therefore, electrochemical oxidation through cyclic voltammetry was selected to detect iodine and/or iodide. Concentrations ranging between 0.1 and 0.5 mM were measured by cyclic voltammetry for iodine and between 0.1 and 1 mM for iodide. The oxidation mechanisms occurring at the surface of the BDD electrode are discussed. 
Experimental

Chemicals and materials
Iodine (I 2 ), potassium iodide (KI), potassium iodate (KIO 3 ) and sodium perchlorate (NaClO 4 ) were purchased from Wako. All chemicals were used without further purification.
Preparation of BDD electrodes
BDD thin films were deposited using a microwave plasmaassisted chemical vapor deposition (MPCVD) set-up (ASTeX Corp.). Acetone was used as a carbon source, and B(OCH 3 ) 3 as a source of boron. The concentration of the latter was 0.1% w/w in the source. The surface morphology and crystalline structures were characterized using scanning electron microscopy ( Fig. 1) . The typical size of the diamond crystals was between 3 and 5 mm. BDD films were deposited on Si (100) wafers in an MPCVD chamber at 5 kW using high-purity hydrogen as a carrier gas. The BDD film thickness was about 40 mm after a 10 h deposition period. The film quality was confirmed by Raman spectroscopy (Fig. 2) . As expected, the spectrum shows only the presence of a narrow peak at 1332 cm À 1 due to the first order scattering on the diamond (sp 3 ) crystal lattice. The BDD electrodes were pre-treated by ultrasonication in 2-propanol for about 10 min followed by rinsing with high-purity water to eliminate any organic impurities that may have remained within the BDD film after deposition in the MPCVD chamber. The BDD electrodes were used without further treatment and therefore, it is believed that the diamond films used are H-terminated as observed for BDD films grown through this method [16] .
Electrochemical measurements
Electrochemical measurements were carried out in a singlecompartment cell using a Metrohm AUTOLAB PGSTAT30 potentiostat at room temperature (23 1C) . The reference electrode was Ag/AgCl saturated KCl, the counter electrode was a platinum wire and the working electrode was BDD. The working geometric area was 0.126 cm 2 . The electrochemical oxidation of I 2 , KI and KIO 3 was performed in 1 M NaClO 4 . Sodium perchlorate was used as a support electrolyte because it is electrochemically inert and because the pH value of 1 M NaClO 4 is around 8 and is therefore reasonably representative of real samples such as environmental waters, for which the present technique is developed. Stirring was used for all experiments. All of the potentials that are quoted in this work are with respect to the Ag/AgCl saturated KCl reference electrode (0.2 V vs. SHE). can be constructed for the detection of KI for a concentration range between 0.1 and 1 mM using cyclic voltammetry measurements. The background current corresponding to the support electrolyte has been subtracted from all points and the corresponding linear regression has been fitted to pass through the origin. Additionally, each voltammograms was performed three times in order to verify the reproducibility of the results and to estimate the uncertainties with respect to three identical sets of measurements. This procedure was performed for all calibration curves presented herein. The lower detection limit for iodide dissolved in solution using this technique has been determined by taking three times the standard deviation observed for the results presented in Fig. 3B .
Results and discussion
Since the average standard deviation was 6 mM for peak a and 25 mM for peak b, the lower detection limits are around 20 mM and 75 mM for I À determination based on the current densities of peak a and b, respectively. Regarding the oxidation mechanisms involved, it is worthwhile to notice that for all concentrations of KI investigated, the current density of peak b is approximately five times larger than peak a. It is thus reasonable to suggest that the ratio of the number of electrons exchanged during both successive oxidation reactions remain the same. Consequently, the reaction corresponding to peak a could be the oxidation of iodide to iodine (Eq. (1)) and the reaction corresponding to peak b would therefore corresponds to the oxidation of iodine to iodate (Eq. (2)):
These oxidation mechanisms for iodine and iodide were already reported by others in the same pH range investigated [17] [18] [19] [20] [21] .
However, it was reported in Ref. [22] , that the oxidation of iodide on BDD occurs at lower potentials (around 0.6 V vs Ag/ AgCl) and is a quasi-reversible process.
In their study, the measurements were carried out using diamond films with high doping levels. Furthermore, it is known that the electrochemical behavior of highly boron doped diamond electrodes tend to resemble that of glassy carbon electrodes (higher capacitive current and narrower water stability potential window [16] ) due to the presence of sp 2 carbon impurities in the diamond film. The difference in oxidation potential for iodide reported in Ref. [22] and in this work is therefore probably attributed to the characteristics of the diamond film used. Fig. 4A displays similar results as in Fig. 3A but for solutions containing different concentrations of iodine (between 0.1 and 0.5 mM). The concentration range chosen for iodine was lower with respect to KI due to the low solubility of iodine. The voltammograms show the presence of a single peak corresponding to the oxidation of iodine on BDD electrodes, which is situated in the same region as the large peak observed during the oxidation of KI. Additionally, and in a similar manner as performed with KI, it is possible to determine the concentration of iodine in solution based on the correlation between the peak current density and the concentration. This calibration curve is presented in Fig. 4B and it shows that the precision of the linear regression is high (slope: 2.1 70.01, r 2 : 0.999). The detection limit for iodine was again determined based on the standard deviation of the linear regression at 10 mM.
However, the difficulties to estimate the concentrations of iodine and iodide increase when both forms are mixed in the sample as it is often the case. Under these conditions, equilibrium takes place between iodine, iodide and the formation of triiodide according to the following equation (Eq. (3)):
For this reason, cyclic voltammetry measurements were carried out using solutions containing a mixture of iodine and iodide, results of which are provided in Fig. 5 .
This figure indicates the presence of two oxidation peaks as for the oxidation of KI (Fig. 3A) .
To attest if the concentration of I À can be determined from a mixture of iodide and iodine, the calibration curve constructed from peak a in Fig. 5 was compared with the linear regression corresponding to peak a in Fig. 3B . This is because oxidation peak a was essentially inexistent when the sample only contained iodine (Fig. 4A) .
The results, displayed in Fig. 6 , show that both linear regressions are almost identical and in turn demonstrate that peak a in Figs. 3A and 5 is related to the oxidation of iodide to iodine (Eq. (1)). Furthermore, Fig. 6 shows that it is possible to accurately determine the concentration of I À in the presence and absence of I 2 . Now considering that the current intensity of peak b is higher when iodine is present in the sample with respect to only KI and that it is possible to estimate the concentration of KI in presence and absence of I 2 , it could then be possible to calculate the concentration of iodine in a mixture using the results presented in Figs. 3 and 4B .
In fact, the concentration of iodine present in the mixture was calculated for each sample from the current intensity of peak a in Fig. 5 and the intensities of peak b in Figs. 3 and 4B .
Comparison between the experimental concentrations of I 2 introduced in the mixtures of I 2 and KI and the concentrations calculated from the cyclic voltammetry measurements presented in Figs. 3A and 5 were estimated. The concentration of KI in the mixture was determined from the current intensity of peak a in Fig. 5 , then the current intensity of peak b in Fig. 3A was subtracted from the peak current intensity of peak b in Fig. 5 . This difference in current was finally translated to the concentration of I 2 according to the calibration curve given in Fig. 4B . The results highlighted that the error between the theoretical and calculated values remains within an acceptable range for the concentration range investigated, namely around 10%.
The potential influence of other compounds present in the sample to analyze was also evaluated. Moreover, given the different redox potentials at BDD electrodes in literature [10] a similar analysis than performed in Ref. [10] was conducted. Anions such as F À and Cl À should have no influence on the detection of iodine as their presence does not induce an electrochemical response in the potential region of water stability on BDD electrodes. Metals dissolved in solution such as cadmium or copper are oxidized at low potentials on BDD electrodes (before 1 V) [15] and so their presence should not be problematic either. Additionally, it has been reported that organic acids such as carboxylic acids are oxidized at potentials in the vicinity of the oxygen evolution reaction (2.2-2.3 V) [23] on BDD electrodes and should therefore pose no problem for the accurate detection of iodine and iodide. Oxidation of aromatic compounds such as phenol derivatives, however, induces the presence of well-defined peak between 1.2 and 2.3 V [24] [25] [26] and therefore could have a negative influence on the detection of iodine and iodide using the technique presented herein.
The cyclic voltammetry investigation performed in this study for iodine and iodide was repeated for iodate and the results have shown that there is essentially no difference between the blank measurement and those performed in the presence of iodate. This is an indication that iodate remains stable and is not oxidized to periodate on BDD electrode under the potential range investigated and, therefore, that the detection of iodate on BDD electrode cannot be achieved using this technique. However, it is possible to detect iodate using glassy carbon electrode as already reported in Ref. [27] .
The measurements performed for the detection of iodide was repeated on glassy carbon (Fig. 7) and revealed that the detection of this compound using cyclic voltammetry measurements for a concentration ranging between 0.1 and 1 mM is also possible on this electrode material. In fact, the cyclic voltammogram of KI on glassy carbon exhibits two electrochemical couples situated approximately between 0.45 and 0.8 V and another couple situated at 1.5 V. The potential difference between the oxidation and corresponding reduction peak for the couples situated at lower potentials suggest that these processes are quasi-reversible. The presence of a third couple at 1.5 V suggests that the oxidation mechanisms of iodide on glassy carbon are different with respect to the mechanism proposed from the results obtained previously on BDD electrodes (Fig. 3) . The reproducibility of the latter results, however, was far inferior with respect to BDD electrode. This is probably due to the presence of surface couples on glassy carbon electrode [28, 29] , which are electrochemically active and, thus, the current measured is not only related to the oxidation of iodide but also to other electrochemical reactions, which alter the reproducibility of the measurements. Additionally, the peak currents corresponding to the different couples in Fig. 7 are more difficult to localize with respect to BDD electrodes owing to the higher capacitive current observed on glassy carbon electrode.
Conclusion
The determination of the individual and simultaneous presence of iodine and iodide in a 1 M NaClO 4 (pH 8) solution has been performed through cyclic voltammetry on BDD electrodes. The main conclusions drawn from this work are:
À Accurate calibration curves can be constructed for iodine and iodide using cyclic voltammetry measurements. The lower detection limit for the detection of these compounds on BDD electrode has been estimated around 20 mM for iodide and 10 mM for iodine.
À Based on the difference between the two peak current intensities reported during the oxidation of KI, it is suggested that I À is first oxidized to iodine at approximately 1.4 V, which is in turn further oxidized to iodate (IO 3 À ) between 1.7 and 2.2 V.
À It is possible to determine the concentration of iodide in the presence and absence of iodine based on the peak current intensity corresponding to the oxidation of I À to I 2 . Consequently, using the peak intensities reported for the mixture and KI alone, it is possible to calculate the concentration of iodine in the mixture with reasonable accuracy. À The method was tested on glassy carbon electrodes and the results highlighted that the oxidation mechanisms are different with respect to BDD. Additionally, the reproducibility of the results was lower with respect to BDD probably due to active surface couples on the glassy carbon electrode surface, which tend to influence the measured oxidation currents. À Finally, it has been showed that iodate is not further oxidized to periodate on BDD electrode and under the potential range investigated. Consequently, no calibration curve for the detection of iodate could be constructed using the method presented herein.
